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NeocortexSeizures are a prominent symptom in patients with both primary and secondary brain tumors. Medical manage-
ment of seizure control in this patient group is problematic as the mechanisms linking tumorigenesis and
epileptogenesis are poorly understood. It is possible that several mechanisms contribute to tumor-associated
epileptic zone formation. In this review, we discuss key candidates that may be implicated in peritumoral
epileptogenesis and, in so doing, hope to highlight areas for future research. Furthermore, we summarize the
current role of antiepileptic medications in this type of epilepsy and examine the changes in surgical practice
which may lead to improved seizure rates after tumor surgery. Lastly, we speculate on possible future preoper-
ative and intraoperative considerations for improving seizure control after tumor resection.
This article is part of a Special Issue entitled “NEWroscience 2013”.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Tumor-associated epilepsy (TAE) is a debilitating condition, causing
distress and adversely affecting the quality of life of those suffering from
brain tumors [1–3]. Furthermore, in patients who have had tumor sur-
gery, both the presence of postoperative seizures and the antiepileptic
medication used to treat them have been shown to have a detrimental
neuropsychological effect [2]. In rare cases, TAE can be even more
devastating, giving rise to sudden unexpected death [4]. Despite its
major clinical and social impact, the underlying pathophysiological
causes of TAE are poorly understood, and, as a result, its treatments,
both pharmacological and surgical, are of limited efficacy. Epilepsy
associated with tumors has been shown to have a greater refractivity
to antiepileptic drug treatments, and, in those who have had surgery
for their tumor, seizures may persist postoperatively [5,6].
Seizures can often be the presenting symptom in patients with
brain tumors, whether primary or metastatic and whether intraaxial
or extraaxial [7]. In some cases, seizures occur even before the tumor
is sufficiently established to be correctly identified on computed tomog-
raphy and magnetic resonance imaging [8]. In patients presenting with
other different neurological sequelae, seizuresmay occur after the diag-
nosis has beenmade and, although less likely, even after treatmentwith
surgery or adjuvant therapy [9,10]. The probability that seizures will be
associated with a CNS tumor depends upon the tumor type and gradehe Medical School, Framlington
H, UK. Tel.: +44 191 2088935.
nningham).
. This is an open access article underand its location within the brain or, if extraaxial, its location within
the cranial vault [11].
Themechanism behind TAE is likely to bemultifactorial, and a num-
ber of hypotheses have been proposed. Recent work has explored the
role of changes in peritumoral tissue in seizure generation. This has
revealed metabolic and pH changes, alterations in levels of neurotrans-
mitters and their receptors, and disruption of localized neural networks
in the region of brain tissue surrounding the tumor. This review dis-
cusses the pathophysiology behind TAE, the factors affecting the
frequency and type of the seizures, and the available treatments and
their efficacy.
2. Methods
A literature search was performed in MEDLINE through Web of
Knowledge (Thomson Reuters) searching for publications between
1990 and 2014. Search criteria were the keywords peritumoral + epi-
lepsy. This search yielded 70 results, 9 of which were review articles.
The authors then screened the results and excluded 18 papers that
were not relevant before identifying further salient published work
from the reference lists of the 52 included.
3. Factors governing seizure frequency: tumor type
The frequency and type of seizures associated with TAE depend pre-
dominantly upon the type of tumor giving rise to the seizures and the
location of that tumor within the brain or, in the case of meningiomas,
the location within the skull. All types of primary and secondary brain
tumors may present with seizures [12–14]. Even in those patientsthe CC BY license (http://creativecommons.org/licenses/by/3.0/).
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tential for them to develop TAE in the postoperative period, particularly
those with meningiomas [5,15].
Glioneuronal tumors, primarily arising in children and young adults,
have the highest seizure rate, with 85%–92% of dysembryoplastic
neuroepithelial tumors (DNETs) and 63%–91% of gangliogliomas pre-
senting with seizures [6,7,16–18]. Glioneuronal tumors, as their name
suggests, consist of both dysplastic neurons and neoplastic glial cell ele-
ments [19]. Within the tumor, hyperexcitable regions of dysplastic
neurones develop, and it is thought that this causes their high degree
of epileptogenicity [20].
In tumors of glial origin, low-grade gliomas (WorldHealthOrganiza-
tion (WHO) grades I and II) are more likely to be associated with sei-
zures, with recent studies showing that astrocytomas have a seizure
rate of 50%–81%, and oligodendrogliomas have a seizure rate of between
46% and 78% [7,9,10,21]. These tumors grow slowly, invading the sur-
rounding tissue causing gliosis and chronic inflammatory changes
in peritumoral regions. Evidence of these inflammatory changes is de-
tectable using immunohistochemical staining; a significant increase in
reactive astrocytes is found in cortical peritumoral tissue from patients
with chronic seizures compared with peritumoral tissue from patients
with no seizures [22].
High-grade gliomas such as glioblastoma multiforme (GBM) are
generally thought to be less epileptogenic with a reported seizure rate
of between 22% and 62% although this may be a reflection of the shorter
survival time associated with this tumor type rather than a true lower
rate of tumor epileptogenicity; median survival in patients with GBM
is approximately 12 months [5,7,23,24]. Although seizures are less fre-
quent in patients with GBM, they are more difficult to treat, as they
are more often refractory to medication and can persist after surgery
[25]. It is thought that high-grade gliomas give rise to seizures as a
result of localized tissue destruction, ischemia, and necrosis [11,22,26].
Because of their growth rate, high-grade tumors are also likely to effect
epileptogenic changes in the peritumoral region due to mass effect
and as a result of local neuronal network disruption [22]. A hypothesis
previously put forward is that seizure activity may be linked to hemo-
siderin deposition after microhemorrhage from friable tumor vessels
present in high-grade gliomas [1]. Increased levels of extracellular iron
ions (Fe3+) has been shown experimentally to induce paroxysmal epi-
leptiform activity [27]. However, a recent study showed no relationship
between seizure frequency and the presence of hemosiderin on histo-
logical examination of samples from 20 patients with GBM [25].
Meningiomas are among the least epileptogenic intracranial tumors
with a reported seizure rate of between 13% and 26%,whichmay be due
to the fact that they are extraaxial and, therefore, do not infiltrate the
brain parenchyma [15,28].
4. Factors governing seizure frequency and semiology:
tumor location
Aside from tumor type, the other most important factor in deter-
mining its epileptogenicity is its location. Studies and reviews vary in
opinion as to whether frontal, temporal, or parietal lobe tumors are
most likely to be associated with seizures, but most agree that occipital
lobe lesions are the least epileptogenic [7,11,22,29–32]. In their review
of 2342 patients with TAE from mixed tumor types, Hamasaki et al. re-
ported a frontal predominance in tumor location, specifically in cortical
regions close to themotor cortex [7]. Michelucci et al. reviewed 100 pa-
tients with seizures related to primary brain tumors and found that 60%
were located in the frontal lobe, with temporal and then parietal lobes
as the next most common locations [31]. When tumors are grouped
by type, different tumor histology is more likely to be related to specific
brain regions. Glioneuronal tumors are most commonly located in
the temporal lobe and cause predominantly complex partial seizures
[6,19,33]. High-grade gliomas are most likely to involve multiple brain
regions but, when confined to single lobes, are found most commonlyin the temporal and frontal lobes [34]. High-grade gliomas made up
the majority (79%) of a review of patients with primary brain tumors
in whom the initial seizures were predominantly tonic–clonic or focal
motor [31]. Location is also a factor in the propensity of meningiomas
to cause seizures: convexity and parasagittal/parafalcine meningiomas
close to the premotor cortex are associated with the greatest seizure
rates (28%–40%), with tuberculum sella meningiomas being the least
epileptogenic [15,28,35].
It may be that tumors in the anterior frontal lobe are in fact as likely
to cause epileptic activity as tumors in the posterior frontal lobe and
temporal lobe, but that the relative lack of eloquence of the frontal
regions means that some of these seizures go undetected. Although
less likely, tumors in the occipital lobe can also produce seizure activity,
typically producing visual auras before a seizure [7,36]. Sellar and skull
base tumors, including pituitary tumors and craniopharyngiomas,
seem to be much less likely to present with seizures, with Deepak
et al. showing a seizure rate of only 9% in their series of 64 patients
with macroprolactinomas and Karavitaki et al. finding no seizure ac-
tivity in a case series of 121 patients with craniopharyngioma [37,38].
5. Pathophysiology
The pathophysiological mechanisms that give rise to epileptic activ-
ity in brain tumors are likely to bemultifactorial. The literature describes
a number of hypotheses relating to the biochemical, microstructural,
and electrical environment of the peritumoral area that may give rise
to epileptogenesis [1,14,26,29,33,39–42]. These include the levels of
neurotransmitters and altered expression of their receptors, altered ex-
pression of gap junctions and ion channels, localized pH disturbance,
and the effects of disruption of the blood–brain barrier [43–47].
There is evidence to show that different mechanisms predomi-
nate in different tumor types. In tumors containing neurons such as
glioneuronal tumors, disruption of neuronal function is the most likely
mechanism, whether through the development of hyperexcitable
regions of dysplastic neurones within the tumor or neuronal immuno-
reactivity to certain gap junction proteins (see below) [20,43,48].
Both of these factors are likely to contribute to the high degree of
epileptogenicity displayed by this tumor type, but other mechanisms
must be responsible for tumors of exclusively glial origin, with no neu-
ronal component. Recent evidence suggests that slow growing tumors
may induce changes in penumbral connectivity, resulting in the devel-
opment of network architecture with suboptimal functionality and
a lower threshold for seizures [49]. In contrast, higher-grade tumors
may induce seizures by tissue damage (ischemia, edema, mass effect,
and necrosis) [40].
6. Neurotransmitters and receptors in the peritumoral zone
Alterations in glutamate neurotransmission form a core part of the
pathophysiology of epileptogenesis. This is not surprising given the
excitatory nature of this neurotransmitter in the brain and, thus, its
depolarizing action on the neuronal membrane potential [50]. The elec-
trical excitability of tumor cells in gliomas was established in vitro in
1996 [51]. Previously, it had been thought that tumors arising from
glial cells, unlike those from neurones, lacked the Na+ channels that
allow a membrane potential to be generated. However, Patt et al. dis-
covered that a large number of cells in gliomas expressed Na+ channels
in sufficient quantities to allow generation of brief bursts of action po-
tentials. Activation of glutamate (AMPA/kainate) receptors in glial
tumor cell membranes caused this depolarization both in ex vivo
human tumor brain slices and cultured human tumor material. These
findings indicate that glioma cells may have electrophysiological prop-
erties similar to those of neurons [44]. However, evidence to support
that these glia with neuron-like properties exert an epileptogenic effect
is not presently available. Indeed, it is unlikely that this is the case
given that the seizure foci are more often than not found within the
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a lack of correlation of glial Na+ current density and its position relative
to the seizure foci supports this notion [52].
Aside from intrinsic changes in glial cell behavior, these cells are also
known to exert amuchwider influence on neuronal networks, and they
achieve this in a variety of ways. Astrocytes have been shown to be ca-
pable of the release, reuptake, and synthesis of neurotransmitters; the
provision of neurotransmitter precursors and lactate; the regulation
of pH; and the regulation of extracellular K+ concentration. Because of
the excitatory nature of glutamate, early studies focused on the role of
extracellular glutamate in the generation of tumor-associated epilepsy.
These findings have not been particularly robust. Bateman et al. demon-
strated similar levels of glutamate both in human samples obtained
from patients with tumor-associated seizures and patients with tumors
who did not display seizures [53]. This study did observe increased glu-
tamine in glioma samples associatedwith epilepsy.More recently, using
microdialysis techniques in patients with high-grade gliomas, we have
reported that glutamate is found in higher concentrations in the
tumor margin as compared with peritumoral regions [54]. However, it
has also been demonstrated that extracellular glutamate is significantly
decreased in the peritumoral region of high-grade gliomas [55]. An in-
crease in extracellular glutamate is supported by a study performed
by Rosati et al. in 2009. They demonstrated that levels of glutamine
synthetase (an enzyme that protects neurons against excitotoxicity by
facilitating glutamate uptake and conversion to glutamine) were signif-
icantly lower in patients with GBM and epilepsy than in those with
nonepileptic GBM [25]. Work by Yuen et al. also implicates glutamate
in epileptogenesis; they analyzed a retrospective patient group with
samples stored after surgery and a prospective cohort in whom glioma
tumoral and peritumoral samples were subsequently taken and found
an increased concentration of glutamate in tumor and peritumor
which showed a significant correlation with the presence of seizures
[56]. They also discovered that expression of the transporter protein
system xc−was increased in peritumoral tissue andwas an independent
predictor of the presence of tumor-associated epilepsy. More recently,
Buckingham et al. have demonstrated, using in vitro electrophysiology,
significant glutamate release in amousemodel inwhich human derived
glial tumors were implanted. Furthermore, this group has shown that
the resultant epileptiform activity spreads fromglial tumor cells into ad-
jacent brain tissue [57]. The same group has subsequently shown a re-
duction in the duration of peritumoral epileptiform discharges after
the suppression of glutamate release by blocking the transporter pro-
tein system xc−with sulfasalazine and has concluded that increased ex-
tracellular glutamate is, therefore, a causative factor in peritumoral
cortical synaptic network hyperexcitability [58]. However, a degree of
care should be taken with respect to these findings. Firstly, the authors
did not observe spontaneous epileptic activity in peritumoral slices and
resorted to the use of the zeromagnesium technique to induce epileptic
activity in the brain slices obtained from the mouse tumor model.
Secondly, while sulfasalazine reduced the duration of interictal epilepti-
form discharges, it also, paradoxically, increased the rate of these
events. Finally, robust concentrations (250 μM) of sulfasalazine failed
to completely block the epileptic discharges (measured both at the sin-
gle neuron and network level) induced by zero magnesium containing
artificial cerebrospinal fluid. Moreover, preliminary data from our own
work (Cowie and Cunningham, unpublished observations) suggest
that much lower concentrations of sulfasalazine (10–20 μM) can
completely abolish spontaneous epileptic discharges in human
peritumoral slices maintained ex vivo.
In contrast to glutamate, gamma-aminobutyric acid (GABA) is an
inhibitory neurotransmitter in the brain and, as such, acts as a coun-
terbalance to excitation. An asymmetry of enhanced excitation and
disrupted inhibition has been postulated in a number of epileptic condi-
tions. However, this view has been complicated by recent findings in
which depolarizing GABA has been described in epileptic human tissue
[59,60]. Thus, for human focal epilepsies, alterations in chloridehomeostasis can switch GABA neurotransmission from hyperpolarizing
to depolarizing and, therefore, decrease the threshold for seizure genesis.
In addition to this finding, a suppression or loss of GABA-mediated inhi-
bition has also been implicated in the pathophysiology of epilepsy, in-
cluding in peritumoral epilepsy. Using human neurosurgical samples
removed from temporal lobe low-grade gliomas, a reduction in somato-
statin andGABA immunoreactive neurons has been observed in epileptic
peritumoral regions (assessedwith intraoperative electrocorticography)
as compared with nonepileptic areas surrounding the tumor [61]. Fur-
thermore, a single patient study of the peritumoral neocortex from
a temporal lobe astrocytoma revealed a reduction in parvalbumin im-
munoreactivity and inhibitory synapses at the perisomata and axonal
initial segment of pyramidal cells [62]. From a functional perspective,
GABA-evoked currents in oocytes injected with membranes obtained
from human epileptic peritumoral cerebral cortex show a more
depolarized reversal potential when compared with those obtained
from nonepileptic healthy cortex, and this difference is attributed to in-
creased expression of two Cl− ion membrane transporters (NKCC1 and
KCC2) in neurons in the peritumoral neocortex [63]. This increase
in neuronal Cl− transporters will, as in the case of focal epilepsies
[59,60], ensure that GABA acts to depolarize rather than hyperpolarize
pyramidal neurons, thereby contributing to epileptogenesis in human
brain tumors. Scant evidence exists for concentrations of GABA in
peritumoral regions. One study has demonstrated increased GABA in
the peritumoral zone of glioblastomas but no similar increase of the in-
hibitory neurotransmitter in regions surrounding anaplastic astrocyto-
mas and oligodendrogliomas [55].
In addition, functional GABA receptors have been identified on glio-
ma cells themselves. Labrakakis et al. showed the presence of GABAA
receptors on WHO grade II and III cells from low-grade gliomas and
anaplastic astrocytomas, which, in the majority of their experiments,
caused depolarization and not hyperpolarization of the glioma cells
[45]. Interestingly, the authors demonstrated that application of GABA
triggered the activation of voltage-gated Ca++ channels and, therefore,
hypothesized that the observed depolarization was linked to Ca++ in-
flux into the cells. They also showed that these functional GABA recep-
tors were not found in glioblastoma cells, allowing their presence
to be used as a marker to differentiate between the tumor types. This
finding fits with the known increased epileptogenicity of low-grade
gliomas when compared with GBM [7].
Control of extracellular ionic homeostasis is also critical in the gene-
sis of seizures [64]. Central to this is the ability to regulate concentra-
tions of extracellular potassium (K+). Extracellular K+ homeostasis is
conducted by astrocytes by buffering via the Kir4.1 channel. Polymor-
phisms or mutations of murine and human KCNJ10, which encodes
the astroglial Kir4.1 K+ channel, are associated with epilepsy [65]. Fur-
thermore, the ability for potassium buffering is impaired in gliomas
through a reduction in the expression of Kir4.1 in the plasmamembrane
of glioma cells [66]. However, at present, no direct evidence exists to
demonstrate alterations of Kir4.1 in the peritumoral region and if any
change might directly contribute to epileptogenesis in these zones.
7. Alterations in pH in the peritumoral zone
In addition to changes in the balance of neurotransmitters, alter-
ations in peritumoral zone pH have also been put forward as a hy-
pothesis for increased epileptogenicity. In general, alkalosis increases
membrane excitability, often to an epileptogenic level, while acidosis
decreases membrane excitability [67]. However, this is not always the
case, and it seemsmore likely that it is the pH shift in the tumor micro-
environment, rather than the absolute pH, which is responsible for the
effects on the function of neurotransmitter receptors, gap junctions,
and ion channels involved in altering cellular excitability [47]. Using
MR spectroscopy, it has been shown that gliomas have a highly acidic
extracellular pH, while, conversely, their intracellular pH is alkaline
[68–70]. One hypothesis to explain the underlying mechanism behind
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calized hypoxia [32]. Tumors display a disorganized vasculature, which
results in unbalanced perfusion, and are dependant on an adequate
blood supply for growth. As gliomas increase in size, they can outgrow
their vascular supply and, hence, develop areas of hypoxia [71]. This is
particularly true of high-grade gliomas where hypoxia and ischemia
can lead to necrosis, a finding often observed at surgery and later on
in histology. It is known that in the presence of hypoxia, cellularmetab-
olism favors glucose catabolism and results in lactic acid production.
The subsequent acidosis leads to glial cell swelling and damage and it
is possible that this may lead to increased seizure generation [32,72].
In lower grade tumors, localized acidity causes astrocytoma cells and
malignant glial cells to demonstrate an increased Na+ influx and may
lead to increased cellular excitability [71,73].
However, if thiswere the onlymechanism coupling changes in pH to
epileptogenicity, then it ought to be the case that the high-grade tumors
most susceptible to hypoxia and ischemia would be thosemost likely to
exhibit seizures, and this is clearly not the case. Therefore, it is likely that
if themechanismdescribed above does play a role, then it is contributed
to and modified by other pH-mediated pathophysiology.
Another hypothesis linking pH to epileptogenesis involves the in-
creased expression of carbonic anhydrase (CA) IX in gliomas. Carbonic
anhydrase (CA) is the enzyme that catalyzes the reaction CO2 + H2O
to HCO3−+ H+, and its action is upregulated in hypoxia [47]. Carbonic
anhydrase IX is unusual when compared with other forms of CA as it
spans the cellular membrane and its reaction products are separated:
H+ is moved out of the cell and HCO3− is moved back into the cell cyto-
plasm. Proescholdt et al. have shown that CA IX was overexpressed in
every one of 59 glioblastoma samples they analyzed and also found
that it was an independent prognostic factor for poor outcome [70].
Thismay be themechanism bywhich the peritumoral extracellular ma-
trix is kept acidotic and the intracellular environment alkalotic, and
doing so is likely to increase the excitability of the peritumoral network.
One way in which this may occur is via gap junctions (see below). The
pH sensor of these channels has been suggested to be located on the
cytoplasmic side of the pore [74], thus an intracellular alkalinization
will lead to opening of these channels with implications for neuronal
and glial network connectivity.
8. Gap junction-mediated connectivity
Gap junctions (GJs) are a means of intercellular communication and
consist of membrane proteins (connexins) that form a channel from the
membrane of one cell to themembrane of a neighboring cell. They allow
the transfer of small metabolites (amino acids, glucose, glutathione, and
ATP), small signalingmolecules, andmicroRNAs [75,76], they are sensi-
tive to changes in pH and Ca++ concentrations, and they permit the
movement of ions from one cell to the other. Thus, GJs can act as a pow-
erful means of synchronizing network behavior either via direct electri-
cal signaling in neurons or by the propagation of glial Ca++ waves. In
both instances, increased GJ communication will lead to increases in
excitability and a hypersynchronous state. A large body of work has fo-
cused on the implications of GJ connectivity between neurons in the
hippocampus and neocortex. Gap junction-mediated direct electrical
coupling between pyramidal cells [77–80] and GABAergic interneurons
[81–86] in these regions has beenwell documented. The dendritic local-
ization of GJ coupling between interneurons [87–90] has been shown to
be important for physiological [91–93] and pathophysiological [94,95]
neuronal rhythmogenesis. In contrast, there remains a degree of contro-
versy surrounding the precise location of GJ coupling between pyrami-
dal neurons. Schmitz et al. have provided confocal imaging evidence of
apposition of CA1 pyramidal cell axons that permits themovement of a
fluorescent dye from one neuron to another [96]. In addition, this study
also provided physiological evidence in the formof spikelets recorded in
CA1 pyramidal cells in the absence of chemical synaptic transmission
and in response to CA1 axon collateral stimulation. Furthermore,connexin (Cx) 36 expressing GJs between hippocampal mossy fibers
has been demonstrated using a combination of transmission electron
microscopy and freeze fracture immune-gold replica labeling [97].
In epileptic human neocortex, a network or ‘plexus’ of GJ-coupled
pyramidal cell axons has been demonstrated to underlie the generation
of high frequency oscillations (HFOs) [98–100]. High frequency oscilla-
tions are implicated in the epileptogenic process and are emerging as a
useful clinical tool in terms of seizure focus delineation [101–103]. Nu-
merous studies have used either preoperative electroencephalography
(EEG) or intraoperative electrocorticography (ECoG) for the functional
resection of gliomas in order to gain seizure freedom [24,104]. At
present, it remains unclear if functional resection produces a clear de-
gree of seizure control in patients with TAE (see below). The reasons
for this are likely to be multifactorial. However, given the specificity of
HFOs to locate seizure-onset zone in intractable focal epilepsy [105], it
may be reasonable to propose that a similar temporal high resolution
approach should be implemented in surgical treatment. Evidence of
HFOs has emerged from one study in which intracranial subdural
grids have been used. The patient presented with a right temporal
oligodendroglioma and intractable epilepsy, and HFOs coincident with
ictal slow direct current (DC) shifts were observed in the peritumoral
neocortex [106]. Ex vivo studies conducted in the laboratory of one of
the authors have observed the occurrence of spontaneous HFOs associ-
ated with interictal discharges in peritumoral tissue obtained from
patients undergoing elective neurosurgery for the treatment of TAE
(Cunningham et al., unpublished observations). Previous findings
from this laboratory have supported the role of axoaxonic gap junction
coupling in the generation of HFOs in epileptic tissue obtained from pa-
tients with temporal lobe epilepsy [98–100]. The existence of axoaxonic
gap junction coupling in epileptic peritumoral tissue still needs to be
tested, but the presence of changes in gap junction coupling between
glial cells has been well documented.
Two types of gap junction proteins expressed in glial cells have been
studied in relation to peritumoral epilepsy: connexin 32 (Cx32), which
is known to be expressed in oligodendrocytes, and connexin 43 (Cx43),
the predominant gap junction protein in astrocytes. An early study com-
pared cortical tissue samples from patients undergoing resection for
epilepsy, with peritumoral cortical tissue both from patients who had
TAE and thosewhohad no seizures [107]. The authors showed an eleva-
tion in mRNA coding for the gap junction protein Cx43 both in the
patients with intractable epilepsy and in the patients with tumor with
seizures and lower levels of the same protein in patients with tumor
with no associated seizures. A more recent study by Aronica et al. has
demonstrated strong labeling of the Cx32 gap junction protein in
glioneuronal tumors (both gangliogliomas andDNETs) and also showed
increased expression of the Cx43 gap junction protein in reactive
astrocytes in epileptic peritumoral cortex undergoing gliosis in patients
with low-grade gliomas [43]. They suggest that the greater expression
of these gap junction proteins, specifically in peritumoral astrocytes
and in low-grade tumors known to be highly epileptogenic, may
mean that they are implicated in synchronization (via astrocytic Ca++
elevation) of localized peritumoral neural networks, leading to propa-
gation of seizure activity [108].
9. Blood–brain barrier
The blood–brain barrier (BBB) is the means by which the brain cells
and their extracellular fluid are kept apart from the blood and protected
from harmful molecules within it. It is a function of occluding junctions
between capillary epithelial cells, astrocytes, and pericytes and is
unique to the capillaries in the central nervous system [32]. Brain tu-
mors are known to cause disruption to the BBB resulting in edema
and leaking of microscopic particles and large molecules into the
peritumoral region, such as glutamate and albumin, both of which are
known to cause seizures [46,109]. In 2004, Seiffert et al. demonstrated
that disruption of the BBB caused foci of epileptiform discharges in
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neuronal functional impairment following the development of the epi-
leptic focus as a result of BBB disruption [111]. Interestingly, in 2008,
Savaskan et al. showed that system xc−, the glutamate transporter pro-
tein overexpressed in gliomas and possibly already implicated in
tumor-associated epilepsy (see above), has been shown to be involved
in disruption of the blood–brain barrier; animals implanted with
a type of system xc− with a silenced active subunit had significantly
less peritumoral edema compared with animals with normal system
xc− [112]. The BBB also plays a role in maintaining pH homeostasis
through its acid–base transporter molecules, and disruption of the BBB
has been shown to increase extracellular pH within the brain [47,113].
As discussed above, shifts in pH are associated with increased seizure
activity, and this mechanism may further implicate BBB disruption in
epileptogenesis in the peritumoral zone.
10. Treatment of tumor-associated epilepsy
The natural course of epilepsy associated with brain tumors differs
from that of epilepsy from other causes. In part this is due to the fact
that, in a large number of cases, the patient will undergo surgery for
diagnostic, debulking, or curative purposes, and the surgery itself may
act to cure the epilepsy. The patientmay also undergo adjuvant therapy
which can affect seizure frequency or, in the case of chemotherapy,
may interact with antiepileptic medication [114]. Most patients with
tumor presenting with seizures will be started on an antiepileptic
drug (AED), which may be weaned after surgery in the absence of
postoperative seizures.
It was previously thought that TAE responded very poorly to anti-
epileptic medication, but recent studies have demonstrated more
encouraging rates of seizure control with newer AEDs [115–118].
However, in a large number of cases, epilepsy associated with brain tu-
mors can be difficult to manage. Patients with seizures refractory to
pharmacological treatment often end up on multiple AED regimes,
and those who undergo surgery may be left with seizures postopera-
tively and still require AEDs [9,119]. As discussed above, the initial
presenting symptom in patients with tumor is often seizures, and
they may be started on an AED before a diagnosis is made. Interesting-
ly, as the focus of initial treatment is primarily neurooncological, it is
possible that patients with TAE may not be treated by an epileptologist
but rather have AEDs started by their emergency physician, neurosur-
geon, or neurooncologist. While this management may be adequate,
TAE is known to be difficult to control, and, therefore, it would seem
most sensible for them to be referred to an epilepsy specialist early
in their treatment.
11. AEDs
In patients with brain tumor presenting without seizures, the ques-
tion of whether to initiate prophylactic AEDs had previously been based
only on an outdated review of the use of prophylactic AEDs in traumatic
brain injury [42]. In 2006, a review of the existing literature on the sub-
ject was conducted by Perry et al. revealing only a handful of random-
ized controlled trials, a review, and a single published guideline [120].
The conclusion of their review was that there was no evidence
supporting the use of prophylactic AEDs in patients with tumor, as
there is no difference in the risk of having a seizure between patients
with tumor taking AEDs and those not doing so [121–123]. Interesting-
ly, a general review of epilepsy in brain tumors in 2010 suggests that
as some newer AEDs have an improved safety profile compared with
older AEDs, they should now be considered for prophylaxis in patients
undergoing craniectomy (presumably craniotomy) for tumor, but that
they should be stopped oneweek postoperatively [42]. The same review
also states that, in cases where prophylactic AEDs are not given,
they should be initiated after only one seizure and that doing so hasbeen shown to reduce the rate of seizure conversion from focal to
generalized [124].
Antiepileptic drugs are typically classed into three groups: first-
generation drugs, e.g., sodium valproate, phenytoin, carbamazepine,
and benzodiazepines; second-generation drugs, e.g., levetiracetam, gaba-
pentin, lamotrigine, and oxcarbazepine; and the newest third-generation
drugs, e.g., pregabalin, brivaracetam, and lacosamide [125,126].
Most AEDs affect neurotransmission by modulating voltage-gated
sodium, calcium, or potassium ion channels and/or by action on GABA
receptors or by altering GABA concentration, thereby increasing the in-
hibitory action it has on action potential propagation [127]. A small
number of AEDs instead alter glutamate receptors, causing restriction
of excitatory neurotransmission.
A recent very thorough review by de Groot et al. lists the studies,
both retrospective and prospective, which assess the efficacy of differ-
ent AEDs specifically in tumor-related epilepsy [40]. All three genera-
tions of AEDs have been studied in TAE, but the majority of work
has involved more recent drugs such as levetiracetam, topiramate, and
gabapentin and has demonstrated rates of seizure freedomwith mono-
therapy at between 20% and 55%, irrespective of the agent studied
[128–130]. However, a retrospective analysis of pediatric patients with
TAE showed that those started on second-generation AEDs were less
likely to have had to change to a different drug compared with those
started on first-generation agents [131]. While the results of all these
studies indicate that most AEDs are able to control TAE in up to half
the numbers of cases, the published works have suffered from low
patient numbers, with the largest group studied numbering only 47 pa-
tients [128].
There have also been a small number of papers comparing the use of
older AEDswith newer ones,with authors comparing levetiracetamand
oxcarbazepinewith phenytoin, sodium valproate, and other older AEDs
[40,117,119,132]. The results of these predominantly retrospective
studies have shown little difference in seizure reduction or freedom be-
tween first-generation and second-generation AEDs, but some do show
that the newer drugs give rise to fewer side effects [132]. Although it
would seem from the research comparing the different types of AEDs
that no one drug affords better seizure control, there are drugs which
are preferable in TAE due to their reduced effect on the hepatic enzyme
cytochrome P450 (CYP) [133]. Older drugs, such as carbamazepine,
phenytoin, phenobarbital, and sodium valproate have been found to
be either inducers or, in the latter's case, inhibitors of CYP, and this
may have implications for patients with tumor having chemotherapy,
as some cytotoxic drugs are known to be metabolized by this enzyme
[114,134]. Conversely, it is known that some chemotherapeutic agents
are themselves inducers or inhibitors of CYP [135]. Therefore, when pa-
tients are treated concurrentlywith older AEDs and cytotoxic drug ther-
apy, an increase or decrease in plasma concentration of the anticancer
drug or AED could occur, resulting in toxicity (with either drug type)
or in inadequate chemotherapeutic coverage or loss of seizure control.
Interestingly, a review in 2010 by Rossetti and Stupp comments on
data from an analysis of the European Organisation for Research and
Treatment of Cancer database [42]. It shows that patients with tumor
on newer AEDs that do not induce CYP, such as gabapentin, levetirace-
tam and pregabalin, have a better outcome from chemotherapy. There-
fore, AED selection must be considered carefully in patients with TAE
who are to undergo chemotherapy to avoid drug interactions and to op-
timize outcome.
12. Surgery
The majority of patients with TAE will undergo surgery at some
point in their treatment. Over recent years, particularly in low-grade
gliomas, the surgical trend has been to move away from biopsies
or limited resections towards maximal safe resection, with evidence
showing that this more aggressive approach is associated with better
prognosis [48]. Tumor excision has been found to have varying success
58 C.J.A. Cowie, M.O. Cunningham / Epilepsy & Behavior 38 (2014) 53–61in the treatment of TAE, with outcomedependent on tumor type, on the
severity and frequency of preoperative seizures, and on the degree
of surgical resection. This question of surgical resection is possibly the
most important factor in tackling TAE, as it is the one factor that can
be altered. It seems that the most likely reason for partial resection
resulting in poorer control of TAE postoperatively is that the epilepto-
genic focus has not been removed. It is, therefore, not surprising given
the recent move to safely resect more tissue to see that postoperative
seizure rates have improved towards the end of the last decade. A retro-
spective analysis published in 2001 looking only at postsurgical seizure
outcome in 45 glioneuronal tumors found that only 63% of patientswith
gangliogliomas and 58% of thosewith DNETs were seizure-free after re-
section [6]. The authors found that young age, total resection, absence of
generalized seizures, and shorter duration of epilepsy were predictors
of better postsurgical seizure outcome. In 2003, Klein et al. found that
50% of 156 patients with low-grade tumors demonstrated seizures
after resective surgery [2]. Hildebrand et al. published their findings
in 2005 on 234 patients with gliomas and found that almost 80% expe-
rienced tumor-related epilepsy after surgery, although their paper does
not state whether the patients simply had biopsies performed for histo-
logical diagnosis or whether they had resections or debulking surgeries
instead [124]. More recent results have been more encouraging; Babini
et al. published the results of their study in 2013 where they compared
postoperative seizure rate in children between one group who
underwent simple resection for their low-grade glioma and another
group who underwent tumor resection along with resection of the sur-
rounding epileptogenic peritumoral zone defined preoperatively using
EEG [136]. The seizure-free rate was 80% in those who underwent
straightforward resection and 100% in those in whom the resection
was extended to include the peritumoral region. Chaichana et al. per-
formed a similar retrospective analysis in 2009 looking at 153 patients
operated upon for GBM or anaplastic astrocytoma and found that
77% were seizure-free at 12 months, with lower grade and temporal
and/or cortical location as predictors of increased postoperative seizure
activity [137]. The same authors performed a further retrospective
analysis in 2013, this time looking at seizure outcome aftermeningioma
resection [28]. Of their 84 patients with preoperative seizures, 90%were
seizure-free after tumor removal, and they found that the presence of
uncontrolled preoperative seizures along with a tumor located on the
sphenoidwing or in the parasellar regionwas an independent predictor
of poorer postoperative seizure control.
Neurosurgery for tumor excisionwhere a cure cannot be affected is a
balance; in high-grade tumors a greater extent of resection increases
time to tumor progression and median survival, and a similar trend
suggests that the same may be true of low-grade gliomas [138,139].
However, the need to remove asmuch tumor as possible must be coun-
tered by the desire to increase quality survival and not increased surviv-
al at any cost. This aim is achieved at surgery by preserving as much
normal brain parenchyma as possible, and the more eloquent the
brain area, themore cautious and limited the tumor resection. This con-
servative approach increases the likelihood that patients suffer from
fewer permanent neurological deficits postoperatively but may be im-
plicated in poor postoperative seizure control, especially if resection
spares an epileptogenic focus located in the peritumoral region.
Where the quality of survival is themain concern, the impact of seizures
and the side effect of AEDs must also be considered alongside the need
to preserve neurological function.
13. Future directions for improved seizure outcome
Asmentioned above, there has been a trend in neurooncological sur-
gery towards maximal safe resection. Surgical technology has played a
significant part in the safety of this observed increase in the extent of
tumor resection and subsequent improvement in postoperative TAE
rates. There have been advances in image guidance (both CT and MR),
and these have also benefitted from the ability to combine standardanatomical images with information gleaned from functional and
diffusion-weighted advanced MR sequences [140,141]. Initial research
on fluorescein-assisted glioma surgery has also shown an increase in
the ability to achieve gross total resection over partial resection [142].
The logical next step in glioma surgery must be to enhance resection
further not only to improve prognosis but also to improve quality
of life by reducing postoperative seizure rates. As more is learned
about the neurobiological alterations that occur in the peritumoral
zone and their impact on epileptogenesis, it seems more likely that re-
moval of this border of tissue around brain tumors may improve the
outcome from TAE. There is already an armamentarium of tests used
to locate epileptic foci in surgery for nontumoral epilepsy. These
include, but are not limited to, preoperative investigations (EEG, PET
scanning, and MR spectroscopy) and intraoperative electrocorticogra-
phy. Using these techniques, a greater insight into the clinical reliabil-
ity of a biomarker or a combination of biomarkers (neurotransmitter
levels (glutamate, GABA), HFOs, pH) in relation to the peritumoral
zone and postsurgical outcomes can be assessed. It seems reasonable
to investigate how these modalities and potential biomarker signals
obtained with such measurements could be linked to existing image
guidance systems to allow increasingly accurate and safe resection
of peritumoral tissue for a radical improvement of seizure outcome
in TAE.
Disclosure
MOC and CJAC declare that they have no conflict of interest with
respect to the work submitted in this article.
Acknowledgments
This work was supported by the Wolfson Foundation (MOC), the
MRCMilstein award scheme (G0701048) (MOC), Animal Free Research
(MOC), and the Dr. Hadwen Trust (MOC).
References
[1] Beaumont A, Whittle IR. The pathogenesis of tumour associated epilepsy. Acta
Neurochir 2000;142(1):1–15.
[2] Klein M, Engelberts NHJ, van der Ploeg HM, Kasteleijn-Nolst Trenité DGA, Aaronson
NK, Taphoorn MJB, et al. Epilepsy in low-grade gliomas: the impact on cognitive
function and quality of life. Ann Neurol 2003;54(4):514–20.
[3] Taphoorn MJB, Sizoo EM, Bottomley A. Review on quality of life issues in patients
with primary brain tumors. Oncologist 2010;15(6):618–26.
[4] Büttner A, Gall C, Mall G, Weis S. Unexpected death in persons with symptomatic
epilepsy due to glial brain tumors: a report of two cases and review of the litera-
ture. Forensic Sci Int 1999;100(1–2):127–36.
[5] Kerkhof M, Dielemans JCM, van Breemen MS, Zwinkels H, Walchenbach R,
Taphoorn MJ, et al. Effect of valproic acid on seizure control and on survival in
patients with glioblastoma multiforme. Neuro Oncol 2013;15(7):961–7.
[6] Aronica E, Leenstra S, van Veelen CWM, van Rijen PC, Hulsebos TJ, Tersmette AC,
et al. Glioneuronal tumors and medically intractable epilepsy: a clinical study with
long-term follow-up of seizure outcome after surgery. Epilepsy Res 2001;43(3):
179–91.
[7] Hamasaki T, Yamada K, Kuratsu J-i. Seizures as a presenting symptom in neurosur-
gical patients: a retrospective single-institution analysis. Clin Neurol Neurosurg
2013;115(11):2336–40.
[8] Rossi R, Figus A, Corraine S. Early presentation of de novo high grade glioma with
epileptic seizures: electroclinical and neuroimaging findings. Seizure 2010;19(8):
470–4.
[9] Chang EF, Potts MB, Keles GE, Lamborn KR, Chang SM, Barbaro NM, et al. Seizure
characteristics and control following resection in 332 patients with low-grade
gliomas. J Neurosurg 2008;108(2):227–35.
[10] Kahlenberg CA, Fadul CE, Roberts DW, Thadani VM, Bujarski KA, Scott RC, et al.
Seizure prognosis of patients with low-grade tumors. Seizure Eur J Epilepsy
2012;21(7):540–5.
[11] van Breemen MSM, Wilms EB, Vecht CJ. Epilepsy in patients with brain tumours:
epidemiology, mechanisms, and management. Lancet Neurol 2007;6(5):421–30.
[12] Lee MH, Kong DS, Seol HJ, NamDH, Lee JI. Risk of seizure and its clinical implication
in the patients with cerebral metastasis from lung cancer. Acta Neurochir
2013;155(10):1833–7.
[13] Lu-Emerson C, Eichler AF. Brain metastases. Continuum 2012;18(2):295–311.
[14] RajneeshKF, BinderDK. Tumor-associated epilepsy.Neurosurg Focus2009;27(2):E4.
[15] Lieu AS, Howng SL. Intracranial meningiomas and epilepsy: incidence, prognosis
and influencing factors. Epilepsy Res 2000;38(1):45–52.
59C.J.A. Cowie, M.O. Cunningham / Epilepsy & Behavior 38 (2014) 53–61[16] Compton JJ, Issa Laack NN, Eckel LJ, Schomas DA, Giannini C, Meyer FB. Long-term
outcomes for low-grade intracranial ganglioglioma: 30-year experience from the
Mayo Clinic. J Neurosurg 2012;117(5):825–30.
[17] Lee M-C, Kang J-Y, Seol M-B, Kim H-S, Woo J-Y, Lee J-S, et al. Clinical features and
epileptogenesis of dysembryoplastic neuroepithelial tumor. Childs Nerv Syst
2006;22(12):1611–8.
[18] Wallace D, Ruban D, Kanner A, Smith M, Pitelka L, Stein J, et al. Temporal lobe
gangliogliomas associated with chronic epilepsy: long-term surgical outcomes.
Clin Neurol Neurosurg 2013;115(4):472–6.
[19] Blumcke I,Wiestler OD. Gangliogliomas: an intriguing tumor entity associatedwith
focal epilepsies. J Neuropathol Exp Neurol 2002;61(7):575–84.
[20] Ferrier CH, Aronica E, Leijten FSS, Spliet WGM, van Huffelen AC, van Rijen PC, et al.
Electrocorticographic discharge patterns in glioneuronal tumors and focal cortical
dysplasia. Epilepsia 2006;47(9):1477–86.
[21] Huang L, You G, Jiang T, Li G, Li S, Wang Z. Correlation between tumor-related
seizures and molecular genetic profile in 103 Chinese patients with low-grade
gliomas: a preliminary study. J Neurol Sci 2011;302(1–2):63–7.
[22] Berntsson S, Malmer B, Bondy M, Qu M, Smits A. Tumor-associated epilepsy
and glioma: are there common genetic pathways? Acta Oncol 2009;48(7):
955–63.
[23] Chaichana KL, Halthore AN, Parker SL, Olivi A, Weingart JD, Brem H, et al. Factors
involved in maintaining prolonged functional independence following
supratentorial glioblastoma resection. J Neurosurg 2011;114(3):604–12.
[24] Englot DJ, BergerMS, Chang EF, Garcia PA. Characteristics and treatment of seizures
in patients with high-grade glioma: a review. Neurosurg Clin N Am 2012;23(2):
227–35.
[25] Rosati A,Marconi S, Pollo B, Tomassini A, Lovato L, Maderna E, et al. Epilepsy in glio-
blastoma multiforme: correlation with glutamine synthetase levels. J Neurooncol
2009;93(3):319–24.
[26] Riva M. Brain tumoral epilepsy: a review. Neurol Sci 2005;26:S40–2.
[27] Singh R, Pathak DN. Lipid-peroxidation and glutathione-peroxidase, glutathione-
reductase, superoxide-dismutase, catalase, and glucose-6-phosphate-dehydrogenase
activities in fecl3-induced epileptogenic foci in the rat-brain. Epilepsia 1990;31(1):
15–26.
[28] Chaichana KL, Pendleton C, Zaidi H, Olivi A, Weingart JD, Gallia GL, et al.
Seizure control for patients undergoing meningioma surgery. World Neurosurg
2013;79(3–4):515–24.
[29] Liigant A, Haldre S, Oun A, Linnamagi U, Saar A, Asser T, et al. Seizure disorders in
patients with brain tumors. Eur Neurol 2001;45(1):46–51.
[30] Lynam LM, Lyons MK, Drazkowski JF, Sirven JI, Noe KH, Zimmerman RS, et al. Fre-
quency of seizures in patients with newly diagnosed brain tumors: a retrospective
review. Clin Neurol Neurosurg 2007;109(7):634–8.
[31] Michelucci R, Pasini E, Meletti S, Fallica E, Rizzi R, Florindo I, et al. Epilepsy in prima-
ry cerebral tumors: the characteristics of epilepsy at the onset (results from the
PERNO study — Project of Emilia Romagna Region on Neuro-oncology). Epilepsia
2013;54:86–91.
[32] Shamji MF, Fric-Shamji EC, Benoit BG. Brain tumors and epilepsy: pathophysiology
of peritumoral changes. Neurosurg Rev 2009;32(3):275–84.
[33] Loiacono G, Cirillo C, Chiarelli F, Verrotti A. Focal epilepsy associated with
glioneuronal tumors. ISRN Neurol 2011;2011:6.
[34] Stark AM, van de Bergh J, Hedderich J, Mehdorn HM, Nabavi A. Glioblastoma: clin-
ical characteristics, prognostic factors and survival in 492 patients. Clin Neurol
Neurosurg 2012;114(7):840–5.
[35] Hamasaki T, Yamada K, Yano S, Nakamura H, Makino K, Hide T-I, et al. Higher inci-
dence of epilepsy in meningiomas located on the premotor cortex: a voxel-wise
statistical analysis. Acta Neurochir 2012;154(12):2241–9.
[36] Davis KL, Murro AM, Park YD, Lee GP, Cohen MJ, Smith JR. Posterior quadrant
epilepsy surgery: predictors of outcome. Seizure Eur J Epilepsy 2012;21(9):
722–8.
[37] Karavitaki N, Brufani C, Warner JT, Adams CBT, Richards P, Ansorge O, et al.
Craniopharyngiomas in children and adults: systematic analysis of 121 cases
with long-term follow-up. Clin Endocrinol (Oxf) 2005;62(4):397–409.
[38] DeepakD,Daousi C, JavadpourM,MacFarlane IA.Macroprolactinomas and epilepsy.
Clin Endocrinol (Oxf) 2007;66(4):503–7.
[39] Blümcke I. Neuropathology of focal epilepsies: a critical review. Epilepsy Behav
2009;15(1):34–9.
[40] de Groot M, Reijneveld JC, Aronica E, Heimans JJ. Epilepsy in patients with a brain
tumour: focal epilepsy requires focused treatment. Brain 2012;135:1002–16.
[41] Prakash O, Lukiw WJ, Peruzzi F, Reiss K, Musto AE. Gliomas and seizures. Med
Hypotheses 2012;79(5):622–6.
[42] Rossetti AO, Stupp R. Epilepsy in brain tumor patients. Curr Opin Neurol
2010;23(6):603–9.
[43] Aronica E, Gorter JA, Jansen GH, Leenstra S, Yankaya B, Troost D. Expression of
connexin 43 and connexin 32 gap-junction proteins in epilepsy-associated brain
tumors and in the perilesional epileptic cortex. Acta Neuropathol 2001;101(5):
449–59.
[44] Labrakakis C, Patt S, Hartmann J, Kettenmann H. Glutamate receptor activation can
trigger electrical activity in human glioma cells. Eur J NeuroSci 1998;10(6):
2153–62.
[45] Labrakakis C, Patt S, Hartmann J, Kettenmann H. Functional GABA(A) receptors on
human glioma cells. Eur J NeuroSci 1998;10(1):231–8.
[46] Marchi N, Teng QS, Ghosh C, Fan QY, Nguyen MT, Desai NK, et al. Blood–brain
barrier damage, but not parenchymal white blood cells, is a hallmark of seizure
activity. Brain Res 2010;1353:176–86.
[47] Ruusuvuori E, Kaila K. Carbonic anhydrases and brain pH in the control of neuronal
excitability. Subcell Biochem 2014;75:271–90.[48] Hotton G, McEvoy A. Brain tumours, seizures and surgery. Key opinions in medi-
cine. Neuro-Oncology 2013;1(1):1–10.
[49] Bartolomei F, Bosma I, Klein M, Baayen JC, Reijneveld JC, Postma TJ, et al. Disturbed
functional connectivity in brain tumour patients: evaluation by graph analysis of
synchronization matrices. Clin Neurophysiol 2006;117(9):2039–49.
[50] Meldrum BS. The role of glutamate in epilepsy and other CNS disorders. Neurology
1994;44(11):14–23.
[51] Patt S, Labrakakis C, Bernstein M, Weydt P, CervosNavarro J, Nisch G, et al. Neuron-
like physiological properties of cells from human oligodendroglial tumors. Neuro-
science 1996;71(2):601–11.
[52] Patt S, Steenbeck J, Hochstetter A, Kraft R, Huonker R, Haueisen J, et al. Source
localization and possible causes of interictal epileptic activity in tumor-associated
epilepsy. Neurobiol Dis 2000;7(4):260–9.
[53] Bateman DE, Hardy JA, McDermott JR, Parker DS, Edwardson JA. Amino acid neuro-
transmitter levels in gliomas and their relationship to the incidence of epilepsy.
Neurol Res 1988;10(2).
[54] Marcus HJ, Carpenter KLH, Price SJ, Hutchinson PJ. In vivo assessment of high-grade
glioma biochemistry using microdialysis: a study of energy-related molecules,
growth factors and cytokines. J Neurooncol 2010;97(1):11–23.
[55] Bianchi L, De Micheli E, Bricolo A, Ballini C, Fattori M, Venturi C, et al. Extracellular
levels of amino acids and choline in human high grade gliomas: an intraoperative
microdialysis study. Neurochem Res 2004;29(1):325–34.
[56] Yuen TI, Morokoff AP, Bjorksten A, D'Abaco G, Paradiso L, Finch S, et al. Glutamate is
associated with a higher risk of seizures in patients with gliomas. Neurology
2012;79(9):883–9.
[57] Buckingham SC, Campbell SL, Haas BR, Montana V, Robel S, Ogunrinu T, et al.
Glutamate release by primary brain tumors induces epileptic activity. Nat Med
2011;17(10) [1269-U299].
[58] Campbell SL, Buckingham SC, Sontheimer H. Human glioma cells induce hyperex-
citability in cortical networks. Epilepsia 2012;53(8):1360–70.
[59] Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R. On the origin of interictal ac-
tivity in human temporal lobe epilepsy in vitro. Science 2002;298(5597):1418–21.
[60] Huberfeld G, Wittner L, Clemenceau S, Baulac M, Kaila K, Miles R, et al. Perturbed
chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy.
J Neurosci 2007;27(37):9866–73.
[61] Haglund MM, Berger MS, Kunkel DD, Franck JE, Ghatan S, Ojemann GA. Changes in
gamma-aminobutyric-acid and somatostatin in epileptic cortex associated with
low-grade gliomas. J Neurosurg 1992;77(2):209–16.
[62] Marco P, Sola RG, Cajal SRY, DeFelipe J. Loss of inhibitory synapses on the soma and
axon initial segment of pyramidal cells in human epileptic peritumoural neocortex:
implications for epilepsy. Brain Res Bull 1997;44(1):47–66.
[63] Conti L, Palma E, Roseti C, Lauro C, Cipriani R, de Groot M, et al. Anomalous levels of
Cl- transporters cause a decrease of GABAergic inhibition in human peritumoral
epileptic cortex. Epilepsia 2011;52(9):1635–44.
[64] Rutecki PA, Lebeda FJ, Johnston D. Epileptiform activity induced by changes in
extracellular potassium in hippocampus. J Neurophysiol 1985;54(5):1363–74.
[65] Haj-Yasein NN, Jensen V, Vindedal GF, Gundersen GA, Klungland A, Ottersen OP,
et al. Evidence that compromised K+ spatial buffering contributes to the epilepto-
genic effect of mutations in the human Kir4.1 gene (KCNJ10). Glia 2011;59(11):
1635–42.
[66] Olsen ML, Sontheimer H. Functional implications for Kir4.1 channels in glial
biology: from K(+) buffering to cell differentiation. J Neurochem 2008;107(3):
589–601.
[67] Lee J, Taira T, Pihlaja P, Ransom BR, Kaila K. Effects of CO2 on excitatory transmis-
sion apparently caused by changes in intracellular pH in the rat hippocampal
slice. Brain Res 1996;706(2):210–6.
[68] Hubesch B, Sappeymarinier D, Roth K, Meyerhoff DJ, Matson GB, Weiner MW.
P-31 MR spectroscopy of normal human-brain and brain-tumors. Radiology
1990;174(2):401–9.
[69] Martinez GV, Zhang X, Garcia-Martin ML, Morse DL, Woods M, Sherry AD, et al.
Imaging the extracellular pH of tumors by MRI after injection of a single cocktail
of T1 and T2 contrast agents. NMR Biomed 2011;24(10):1380–91.
[70] Proescholdt MA, Merrill MJ, Stoerr E-M, Lohmeier A, Pohl F, Brawanski A.
Function of carbonic anhydrase IX in glioblastoma multiforme. Neuro Oncol
2012;14(11):1357–66.
[71] Schaller B. Influences of brain tumor-associated pH changes and hypoxia on
epileptogenesis. Acta Neurol Scand 2005;111(2):75–83.
[72] Ringel F, Chang RCC, Staub F, Baethmann A, Plesnila N. Contribution of anion trans-
porters to the acidosis-induced swelling and intracellular acidification of glial cells.
J Neurochem 2000;75(1):125–32.
[73] Kraft R, Basrai D, Benndorf K, Patt S. Serum deprivation and NGF induce and
modulate voltage-gated Na + currents in human astrocytoma cell lines. Glia
2001;34(1):59–67.
[74] Trexler EB, Bukauskas FF, Bennett MVL, Bargiello TA, Verselis VK. Rapid and direct
effects of pH on connexins revealed by the connexin46 hemichannel preparation. J
Gen Physiol 1999;113(5):721–42.
[75] Katakowski M, Buller B, Wang XL, Rogers T, Chopp M. Functional microRNA is
transferred between glioma cells. Cancer Res 2010;70(21):8259–63.
[76] Sohl G, Willecke K. Gap junctions and the connexin protein family. Cardiovasc Res
2004;62(2):228–32.
[77] Dhillon A, Jones RSG. Laminar differences in recurrent excitatory transmission in
the rat entorhinal cortex in vitro. Neuroscience 2000;99(3):413–22.
[78] MacVicar BA, Dudek FE. Electrotonic coupling between pyramidal cells — a direct
demonstration in rat hippocampal slices. Science 1981;213(4509):782–5.
[79] Mercer A, Bannister AP, Thomson AM. Electrical coupling between pyramidal cells
in adult cortical regions. Brain Cell Biol 2006;35(1):13–27.
60 C.J.A. Cowie, M.O. Cunningham / Epilepsy & Behavior 38 (2014) 53–61[80] Wang Y, Barakat A, Zhou H. Electrotonic coupling between pyramidal neurons in
the neocortex. PLoS One 2010;5(4):e10253.
[81] Blatow M, Rozov A, Katona I, Hormuzdi SG, Meyer AH, Whittington MA, et al.
A novel network of multipolar bursting interneurons generates theta frequency
oscillations in neocortex. Neuron 2003;38(5):805–17.
[82] Caputi A, Rozov A, Blatow M, Monyer H. Two calretinin-positive GABAergic cell
types in layer 2/3 of the mouse neocortex provide different forms of inhibition.
Cereb Cortex 2009;19(6):1345–59.
[83] Gibson JR, BeierleinM, Connors BW. Functional properties of electrical synapses be-
tween inhibitory interneurons of neocortical layer 4. J Neurophysiol 2005;93(1):
467–80.
[84] Hestrin S, Galarreta M. Synchronous versus asynchronous transmitter release:
a tale of two types of inhibitory neurons. Nat Neurosci 2005;8(10):1283–4.
[85] Meyer AH, Katona I, BlatowM, Rozov A,Monyer H. In vivo labeling of parvalbumin-
positive interneurons and analysis of electrical coupling in identified neurons. J
Neurosci 2002;22(16):7055–64.
[86] Simon A, Olah S, Molnar G, Szabadics J, Tamas G. Gap-junctional coupling between
neurogliaform cells and various interneuron types in the neocortex. J Neurosci
2005;25(27):6278–85.
[87] Amitai Y, Gibson JR, Beierlein M, Patrick SL, Ho AM, Connors BW, et al. The spatial
dimensions of electrically coupled networks of interneurons in the neocortex. J
Neurosci 2002;22(10):4142–52.
[88] Baude A, Bleasdale C, Dalezios Y, Somogyi P, Klausberger T. Immunoreactivity for
the GABA(A) receptor alpha 1 subunit, somatostatin and connexin36 distinguishes
axoaxonic, basket, and bistratified interneurons of the rat hippocampus. Cereb
Cortex 2007;17(9):2094–107.
[89] Hioki H, Okamoto S, Konno M, Kameda H, Sohn J, Kuramoto E, et al. Cell type-
specific inhibitory inputs to dendritic and somatic compartments of parvalbumin-
expressing neocortical interneuron. J Neurosci 2013;33(2):544–55.
[90] Tamas G, Buhl EH, Lorincz A, Somogyi P. Proximally targeted GABAergic synapses
and gap junctions synchronize cortical interneurons. Nat Neurosci 2000;3(4):
366–71.
[91] Szabadics J, Lorincz A, Tamas G. Beta and gamma frequency synchronization by
dendritic GABAergic synapses and gap junctions in a network of cortical interneu-
rons. J Neurosci 2001;21(15):5824–31.
[92] Traub RD, Kopell N, Bibbig A, Buhl EH, LeBeau FEN, Whittington MA. Gap junctions
between interneuron dendrites can enhance synchrony of gamma oscillations in
distributed networks. J Neurosci 2001;21(23):9478–86.
[93] Traub RD, Pais I, Bibbig A, LeBeau FEN, Buhl EH, Hormuzdi SG, et al. Contrasting
roles of axonal (pyramidal cell) and dendritic (interneuron) electrical coupling
in the generation of neuronal network oscillations. Proc Natl Acad Sci U S A
2003;100(3):1370–4.
[94] Beaumont M, Maccaferri G. Is connexin36 critical for GABAergic hypersynchro-
nization in the hippocampus? J Physiol Lond 2011;589(7):1663–80.
[95] Traub RD. Model of synchronized population bursts in electrically coupled inter-
neurons containing active dendritic conductances. J Comput Neurosci 1995;2(4):
283–9.
[96] Schmitz D, Schuchmann S, Fisahn A, Draguhn A, Buhl EH, Petrasch-Parwez E, et al.
Axo-axonal coupling: a novel mechanism for ultrafast neuronal communication.
Neuron 2001;31(5):831–40.
[97] Hamzei-Sichani F, Kamasawa N, JanssenWGM, Yasumura T, Davidson KGV, Hof PR,
et al. Gap junctions on hippocampal mossy fiber axons demonstrated by thin-
section electron microscopy and freeze-fracture replica immunogold labeling.
Proc Natl Acad Sci U S A 2007;104(30):12548–53.
[98] CunninghamMO, Roopun A, Schofield IS, Whittaker RG, Duncan R, Russell A, et al.
Glissandi: transient fast electrocorticographic oscillations of steadily increasing fre-
quency, explained by temporally increasing gap junction conductance. Epilepsia
2012;53(7):1205–14.
[99] Roopun AK, Simonotto JD, Pierce ML, Jenkins A, Nicholson C, Schofield IS, et al. A
nonsynaptic mechanism underlying interictal discharges in human epileptic
neocortex. Proc Natl Acad Sci U S A 2010;107(1):338–43.
[100] Simon A, Traub RD, Vladimirov N, Jenkins A, Nicholson C, Whittaker RG, et al. Gap
junction networks can generate both ripple-like and fast ripple-like oscillations.
Eur J NeuroSci 2014;39(1):46–60.
[101] Haegelen C, Perucca P, Chatillon C-E, Andrade-Valenca L, Zelmann R, Jacobs J, et al.
High-frequency oscillations, extent of surgical resection, and surgical outcome in
drug-resistant focal epilepsy. Epilepsia 2013;54(5):848–57.
[102] Jacobs J, Zijlmans M, Zelmann R, Chatillon C-E, Hall J, Olivier A, et al. High-
frequency electroencephalographic oscillations correlate with outcome of epilepsy
surgery. Ann Neurol 2010;67(2):209–20.
[103] Melani F, Zelmann R, Dubeau F, Gotman J. Occurrence of scalp-fast oscillations
among patients with different spiking rate and their role as epileptogenicity
marker. Epilepsy Res 2013;106(3):345–56.
[104] Englot DJ, Berger MS, Barbaro NM, Chang EF. Predictors of seizure freedom after
resection of supratentorial low-grade gliomas. J Neurosurg 2011;115(2):240–4.
[105] Jacobs J, LeVan P, Chander R, Hall J, Dubeau F, Gotman J. Interictal high-frequency
oscillations (80–500 Hz) are an indicator of seizure onset areas independent of
spikes in the human epileptic brain. Epilepsia 2008;49(11):1893–907.
[106] Imamura H, Matsumoto R, Inouchi M, Matsuhashi M, Mikuni N, Takahashi R, et al.
Ictal wideband ECoG: direct comparison between ictal slow shifts and high fre-
quency oscillations. Clin Neurophysiol 2011;122(8):1500–4.
[107] Naus CCG, Bechberger JF, Paul DL. Gap junction gene expression in human seizure
disorder. Exp Neurol 1991;111(2):198–203.
[108] Gomez-Gonzalo M, Losi G, Chiavegato A, Zonta M, Cammarota M, Brondi M, et al.
An excitatory loop with astrocytes contributes to drive neurons to seizure thresh-
old. PLoS Biol 2010;8(4):e1000352.[109] Buckingham SC, Robel S. Glutamate and tumor-associated epilepsy: glial cell
dysfunction in the peritumoral environment. Neurochem Int 2013;63(7):
696–701.
[110] Seiffert E, Dreier JP, Ivens S, Bechmann I, Tomkins O, Heinemann U, et al. Lasting
blood–brain barrier disruption induces epileptic focus in the rat somatosensory
cortex. J Neurosci 2004;24(36):7829–36.
[111] Tomkins O, Friedman O, Ivens S, Reiffurth C, Major S, Dreier JP, et al. Blood–brain
barrier disruption results in delayed functional and structural alterations in the
rat neocortex. Neurobiol Dis 2007;25(2):367–77.
[112] Savaskan NE, Heckel A, Hahnen E, Engelhorn T, Doerfler A, Ganslandt O, et al. Small
interfering RNA-mediated xCT silencing in gliomas inhibits neurodegeneration and
alleviates brain edema. Nat Med 2008;14(6):629–32.
[113] Helmy MM, Ruusuvuori E, Watkins PV, Voipio J, Kanold PO, Kaila K. Acid extrusion
via blood–brain barrier causes brain alkalosis and seizures after neonatal asphyxia.
Brain 2012;135:3311–9.
[114] Yap KY-L, Chui WK, Chan A. Drug interactions between chemotherapeutic regi-
mens and antiepileptics. Clin Ther 2008;30(8):1385–407.
[115] Fonkem E, Bricker P, Mungall D, Aceves J, Ebwe E, Tang W, et al. The role of intra-
venous levetiracetam in treatment of seizures in brain tumor patients. Front Neurol
2013;4:153.
[116] Rosati A, Buttolo L, Stefini R, Todeschini A, Cenzato M, Padovani A. Efficacy and
safety of levetiracetam in patients with glioma: a clinical prospective study. Arch
Neurol 2010;67(3):343–6.
[117] Lim DA, Tarapore P, Chang E, Burt M, Chakalian L, Barbaro N, et al. Safety and
feasibility of switching from phenytoin to levetiracetam monotherapy for glioma-
related seizure control following craniotomy: a randomized phase II pilot study. J
Neurooncol 2009;93(3):349–54.
[118] Dinapoli L, Maschio M, Jandolo B, Fabi A, Pace A, Sperati F, et al. Quality of life
and seizure control in patients with brain tumor-related epilepsy treated with
levetiracetam monotherapy: preliminary data of an open-label study. Neurol Sci
2009;30(4):353–9.
[119] van BreemenMSM, Rijsman RM, TaphoornMJB,Walchenbach R, Zwinkels H, Vecht
CJ. Efficacy of anti-epileptic drugs in patients with gliomas and seizures. J Neurol
2009;256(9):1519–26.
[120] Perry J, Zinman L, Chambers A, Spithoff K, Lloyd N, Laperriere N, et al. The use of
prophylactic anticonvulsants in patients with brain tumours-a systematic review.
Curr Oncol (Toronto, Ont) 2006;13(6):222–9.
[121] Glantz MJ, Forsyth PA, Recht LD, Wen PY, Chamberlain MC, Grossman SA, et al.
Practice parameter: anticonvulsant prophylaxis in patients with newly diagnosed
brain tumors — Report of the Quality Standards Subcommittee of the American
Academy of Neurology. Neurology 2000;54(10):1886–93.
[122] Glantz MJ, Cole BF, Friedberg MH, Lathi E, Choy H, Furie K, et al. A randomized,
blinded, placebo-controlled trial of divalproex sodium prophylaxis in adults with
newly diagnosed brain tumors. Neurology 1996;46(4):985–91.
[123] Forsyth PA, Weaver S, Fulton D, Brasher PMA, Sutherland G, Stewart D, et al.
Prophylactic anticonvulsants in patients with brain tumour. Can J Neurol Sci
2003;30(2):106–12.
[124] Hildebrand J, Lecaille C, Perennes J, Delattre J-Y. Epileptic seizures during follow-up
of patients treated for primary brain tumors. Neurology 2005;65(2):212–5.
[125] Bialer M. New antiepileptic drugs that are second generation to existing antiepilep-
tic drugs. Expert Opin Investig Drugs 2006;15(6):637–47.
[126] Luszczki JJ. Third-generation antiepileptic drugs: mechanisms of action, pharmaco-
kinetics and interactions. Pharmacol Rep 2009;61(2):197–216.
[127] White HS, Smith MD, Wilcox KS. Mechanisms of action of antiepileptic drugs.
Neurobiol Epilepsy Aging 2007;81:85–110.
[128] Maschio M, Dinapoli L, Zarabla A, Pompili A, Carapella CM, Pace A, et al. Outcome
and tolerability of topiramate in brain tumor associated epilepsy. J Neurooncol
2008;86(1):61–70.
[129] Perry JR, Sawka C. Add-on gabapentin for refractory seizures in patients with brain
tumours. Can J Neurol Sci 1996;23(2):128–31.
[130] Wagner GL, Wilms EB, Van Donselaar CA, Vecht CJ. Levetiracetam: preliminary
experience in patients with primary brain tumours. Seizure Eur J Epilepsy
2003;12(8):585–6.
[131] Sogawa Y, Kan L, Levy AS, Maytal J, Shinnar S. The use of antiepileptic drugs in
pediatric brain tumor patients. Pediatr Neurol 2009;41(3):192–4.
[132] Maschio M, Dinapoli L, Vidiri A, Pace A, Fabi A, Pompili A, et al. The role side effects
play in the choice of antiepileptic therapy in brain tumor-related epilepsy: a com-
parative study on traditional antiepileptic drugs versus oxcarbazepine. J Exp Clin
Cancer Res 2009;28:60.
[133] Perucca E. Marketed new antiepileptic drugs: are they better than old-generation
agents? Ther Drug Monit 2002;24(1):74–80.
[134] Perucca E. Clinically relevant drug interactions with antiepileptic drugs. Br J Clin
Pharmacol 2006;61(3):246–55.
[135] Carcelero E, Anglada H, Tuset M, Creus N. Interactions between oral antineoplastic
agents and concomitant medication: a systematic review. Expert Opin Drug Saf
2013;12(3):403–20.
[136] Babini M, Giulioni M, Galassi E, Marucci G, Martinoni M, Rubboli G, et al. Seizure
outcome of surgical treatment of focal epilepsy associated with low-grade tumors
in children. J Neurosurg Pediatr 2012;11(2):214–23.
[137] Chaichana KL, Parker SL, Olivi A, Quiñones-Hinojosa A. Long-term seizure outcomes
in adult patients undergoing primary resection of malignant brain astrocytomas. J
Neurosurg 2009;111(2):282–92.
[138] Karim A, Maat B, Hatlevoll R, Menten J, Rutten E, Thomas DGT, et al. A randomized
trial on dose-response in radiation therapy of low-grade cerebral glioma: European
organization for research and treatment of cancer (EORTC) study 22844. Int J
Radiat Oncol Biol Phys 1996;36(3):549–56.
61C.J.A. Cowie, M.O. Cunningham / Epilepsy & Behavior 38 (2014) 53–61[139] Keles GE, Anderson B, Berger MS. The effect of extent of resection on time to tumor
progression and survival in patients with glioblastoma multiforme of the cerebral
hemisphere. Surg Neurol 1999;52(4):371–9.
[140] Kamat AS, Parker A. The evolution of neurosurgery: how has our practice changed?
Br J Neurosurg 2013;27(6):747–51.[141] Eyupoglu IY, Buchfelder M, Savaskan NE. Surgical resection of malignant gliomas-
role in optimizing patient outcome. Nat Rev Neurol 2013;9(3):141–51.
[142] Koc K, Anik I, Cabuk B, Ceylan S. Fluorescein sodium-guided surgery in glio-
blastoma multiforme: a prospective evaluation. Br J Neurosurg 2008;22(1):
99–103.
